This paper investigates the unsaturated mechanical behaviour of a fill material sampled from flood embankments located along the Bengawan Solo River in Indonesia. In order to gain a better understanding of this fill material, in situ tests were carried out alongside an extensive laboratory programme. Two different phenomena related to changes in moisture content of the embankment fill material are experimentally studied herein: (a) volumetric collapse and (b) variation in shear strength with suction. At low densities, similar to those found in situ, the material exhibited significant volumetric collapse behaviour. Triaxial tests carried out under saturated, suction-controlled and constant water content conditions indicate that the shear strength of the material increased with suction; in particular the effective angle of friction increased from 24 . 98 under saturated conditions to 35 . 88 under air-dried conditions.
Introduction
Interest in the performance of flood embankments has increased in recent years in response to (a) catastrophic failure events and (b) climate change predictions. In particular, the failure of flood defences in New Orleans during hurricanes Katrina and Rita in 2005 contributed to the total loss of life of over 1800 people, and economic damage greater than $200 billion was attributed to the storm event (Basham et al., 2009) . This experience highlighted the important role of flood embankments in providing public safety during storm events. In the UK, the widespread flooding in the summer of 2007 resulted in damage estimated at £3 . 1 billion (Defra, 2008) . As a direct result of the impact of these flood events, investment in managing the risks of coastal and river flooding was increased to £2 . 15 billion for the period 2008 -2011 (Defra, 2008 .
With regard to natural riverbanks, it is well known that changes in moisture content and suction due to changes in river level, infiltration and evapotranspiration affect both the shear strength of soils and seepage through riverbanks (Nam et al., 2009) . Increasingly, studies have shown that the consideration of unsaturated soil behaviour is key to understanding the erosion and instability of natural riverbanks (e.g. Dapporto et al., 2001 Dapporto et al., , 2003 Nam et al., 2009; Rinaldi et al., 2004) . It is proposed here that the unsaturated behaviour of soils present in earth flood embankments should similarly be considered when analysing structural performance, particularly as such structures are typically constructed from compacted fill (often dry of optimum), and during post-construction they are subjected to similar changes in moisture content as natural riverbanks. This paper investigates fill material sampled from flood embankments located along the Bengawan Solo River in East Java, Indonesia. The novel experimental information reported in this paper contributes to the relatively small body of experimental data available in the literature related to the unsaturated behaviour of compacted fills used for flood embankments. The paper is organised as follows: issues associated with constructing flood protection embankments in tropical regions are discussed first; then a brief description of the Bengawan Solo site is presented, alongside a discussion of past failures observed at the site. The specific objectives of the experimental programme presented in this paper are: (a) to characterise the Bengawan Solo fill material using both in situ and laboratory data; and (b) to investigate the mechanical behaviour of this fill material under different saturation conditions using information obtained in conventional oedometer tests, and in conventional and suctioncontrolled triaxial tests. Two different phenomena related to changes in moisture content of the embankment fill material are experimentally studied herein: (a) volumetric collapse and (b) variation in shear strength with suction. To explore the influence of saturation on embankment stability, a slope stability analysis has been performed using soil properties determined in the experimental programme.
Flood embankments

Construction issues
Many flood embankments in the UK are relatively old structures that have been upgraded over decades or even centuries from original constructions . In contrast with embankments associated with highway and dam projects, flood embankments have often been constructed using traditional lowcost techniques rather than modern construction methods . The type of traditional method used generally depends on the local sources of fill material available , and these less rigorous methods can subsequently result in poorly controlled compaction during construction.
Additional challenges are faced when constructing flood embankments in tropical regions. Perhaps the greatest of these is the extreme weather experienced in such regions, typified by the dry and wet monsoon seasons. Such climatic conditions mean that the embankments must be able to withstand high hydraulic gradients due to rapidly rising water levels during storm events. Another consequence is that construction of the embankments can be carried out only during the dry season, when river levels are low (Brown, 1999) . In areas where population density is high, settlements can restrict realignment or relocation of embankments during upgrades (Brown, 1999) . The lack of available land in densely populated urban areas or poor access routes in remote rural areas can prevent large construction equipment from reaching sites, resulting in smaller items of plant often being used (Brown, 1999) . The issue of securing suitable local material is perhaps of greater importance in tropical regions, where it is simply not economically feasible to transport material, even for short distances (Brown, 1999) . Further limitations associated with construction costs can result in the use of an unskilled local workforce. However, projects do benefit from local knowledge regarding site-specific flood issues, and, if properly conducted, knowledge transfer can ensure continued maintenance of defences by local communities (FAO RAP, 1999) . The difficulties associated with obtaining good-quality fill material, available funds and poor access to site can all lead to traditional, less rigorous construction methods being used. Brown (1999) experienced many of the difficulties listed above during construction of flood embankments along the Mekong River, Thailand.
Failure mechanisms
The main, widely accepted failure mechanisms occurring in flood embankments are listed in Table 1 . References related to research regarding each failure mechanism are provided where possible, but this is not intended to be an exhaustive list. In general, most of the mechanisms related to founding layers are investigated by assuming saturated conditions. The mechanisms related to the fill material, on the other hand, may occur at varying degrees of saturation. Some of the different mechanisms related to the erosion of flood embankments may occur under unsaturated conditions, for example erosion of the outward face due to wave attack, erosion of the crest and slope faces due to rainfall, and erosion of the landward face due to overtopping. In these cases the variation in shear strength with soil suction may significantly influence the resistance of the fill material to erosion (Nam et al., 2009) . Fissuring of clay embankments due to soil-environment interactions has commonly been reported, where drying of the soil induces cracks, which may extend within the embankment (Dyer et al., 2009) , and has been linked with shallow slip failures of the landward face (Cooling and Marsland, 1954) . Rapid drawdown failure (embankment instability caused by rapidly lowering river levels) is classically investigated considering an undrained approach for low-permeability materials, but recently efforts have been made to analyse such mechanisms using fully coupled flow-deformation analyses (Pinyol et al., 2008) .
From the description above, it is evident that the response of fill material may be affected significantly by changes in moisture content and suction. However, despite this, few experimental programmes investigating the unsaturated mechanical behaviour of fill material from flood embankments are available in the literature (e.g. Hoffmann and Tarantino, 2008) , and fewer still have been carried out under suction-controlled conditions. In this paper the mechanical behaviour of the Bengawan Solo fill material is investigated under saturated, suction-controlled and constant water content conditions. A classical stability analysis using information obtained in the experimental programme is discussed in Section 6 to explore the influence of this phenomenon on embankment failure. A short description of the Bengawan Solo site and the geotechnical failures observed along the embankments is presented in the next section.
Bengawan Solo site
The soil investigated here was sampled from a site located along the flood defence embankments of the Bengawan Solo River, in the village of Kedungharjo, East Java, Indonesia. The Bengawan Solo River is the longest river on the Island of Java, at approximately 600 km long. The source is located in central Java, and the river enters the sea north of Surabaya in East Java (see Figure 1 ). The embankments along the Bengawan Solo River have a history of overtopping and failure (Hidayat et al., 2008; Jakarta Post, 2009) . The very high population density in the river basin (810 people/km 2 ; Hidayat et al., 2008) , means that villages are often located directly behind the flood embankments, and hence flooding can result in the relocation of entire villages, and Figure 2a presents a cross-section of the Bengawan Solo River and embankments at the village of Kedungharjo. At this site the Bengawan Solo River is 100 m wide and the river level may vary by as much as 10 m between the dry and wet seasons (Figure 2a) . Takeuchi et al. (1995) present hydrological data recorded at the Bojonegoro observation station, located at a distance of approximately 40 km from the site (see Figure 1) . Although temperatures in the area remain fairly constant throughout the year, ranging from 268C to 288C, evaporation greatly exceeds precipitation for six months of the year (May to October). During the dry season, the lowered river level and higher levels of evaporation both contribute to reduce the moisture content of the fill material within the embankment body.
The Bengawan Solo River is bounded on one side by a natural embankment (Figure 2 ), the existing riverbank, which is in a continual state of extensive erosion (Figure 2b ). On the other side of the river, a man-made embankment protects the village of Kedungharjo from flooding. A section of this embankment was upgraded during the dry season of 2005 to include gabion reinforcement of the outward face to protect against erosion (Figure 2d ). In order to carry out this upgrade, sediment was removed from the riverbed and spread on top of the existing embankment to dry. This material was subsequently compacted in layers of 40 cm using light compaction plant to a dry density 80-85% of the standard Proctor optimum, on the dry side of optimum (Soemitro, private communication, 2006) . Global failure of the gabion-reinforced section of embankment (see Figure 3 ) occurred in December 2005, during the first wet season after its construction (Soemitro, private communication, 2006) .
During exploration of the site, extensive erosion and widespread desiccation of embankment faces were observed along the natural and man-made embankments of the Bengawan Solo River (El Mountassir, 2011) . Although not investigated further in this paper, cracking of the Bengawan Solo fill material due to drying is currently being studied as part of another research project at the University of Strathclyde (Atique et al., 2009 Leroueil et al. (1990) Excessive uplift pressures in underlying layers Baudin et al. (1989) ; Cooling and Marsland (1954) ; Dyer (2004) ; Hird et al. (1978) ; Marsland (1957) ; Marsland and Randolph (1978) ; Padfield and Schofield (1983) Translational sliding due to organic founding layers Bezuijen et al. (2005) ; Dyer (2004) ; Van et al. (2005) ; Ward (1948) ; Ward et al. (1955) Internal erosion (e.g. piping) Dunbar et al. (1999) ; Morris et al. (2007) ; Perry (1998) Settlements due to consolidation or creep Cooling and Marsland (1954) ; Leroueil et al. (1990) ; Lindenberg and de Groot (1998) Fill material Erosion of outward face due to river current or wave attack Cooling and Marsland (1954) ; Dunbar et al. (1999) ; Dyer (2004) ; Lindenberg and de Groot (1998); Marsland (1957) ; Perry (1998) Erosion of landward face due to overtopping Cooling and Marsland (1954) Bengawan Solo embankments as a result of closure of the Babat barrage (Soemitro, private communication, 2006) .
Soil characterisation
This section presents the in situ and laboratory tests performed to characterise the Bengawan solo soil, including information on the compaction and water retention behaviour of this compacted fill.
Site investigation
The geology of the Bengawan Solo River Basin is presented in Figure 4 , which indicates that the site is predominantly characterised by alluvium deposits. Information on the soils present within and below the man-made and natural embankments at the Kedungharjo site is summarised in Figure 5 . These data were obtained from two boreholes (locations marked in Figure 2 ) drilled by Institut Teknologi Sepuluh Nopember (ITS) in September and October 2005 (Soemitro, 2005) . The borehole data for both embankments indicate subsurface layers of varying fractions of sand, silt and clay (typical of alluvial soils). Below the manmade embankment ( Figure 5a ) N values are within the range 6-8 blows per 30 cm of soil penetration. The founding soils below the natural embankment (Figure 5b ), on the other hand, show greater variation, ranging from 2 to 23 blows required per 30 cm penetration. Assuming a correlation between undrained shear strength (C u ) and SPT N values of C u ¼ 5N (Stroud and Butler, 1975) and according to BS 8004 (BSI, 1986) the founding material below the man-made embankment is mainly soft soil ( Figure 5a ), whereas below the natural embankment ( Figure 5b ) the material ranges from very soft to stiff.
In situ dry densities of the fill material were determined using the sand replacement method in accordance with BS1377-9 (BSI, 1990a). Low dry densities, ranging from 1 . 18 to 1 . 36 Mg/m 3 , were recorded. From the soil excavated during the sand replacement testing method, samples were retrieved, sealed in airtight containers, and taken back to the laboratory for moisture content determination. High moisture contents ranging from 36% to 43% were determined, which reflected the fact that the site investigation was carried out at the end of the wet season (in early May 2006), and one week prior to the visit the embankments had been overtopped. Shear vane tests were carried out to determine the undrained shear strength of the embankment fill according to BS The tests presented in this paper were all carried out on disturbed material that was sampled from the embankment at depths of 0 . 5-1 . 0 m and 1 . 0-1 . 5 m, and remoulded and compacted in the laboratory. Considering that the embankment fill is all material that has been retrieved from the river bed, and is essentially local alluvial deposits that have been eroded into the river, it is assumed herein that the material sampled at shallow depths is representative of the fill material found within the embankment body. Table 2 Bengawan Solo fill has a particle density of 2 . 72 Mg/m 3 , and consists of a large silt fraction (55-57%) with a significant sand content (29-30%) and a smaller clay fraction (13-16%). The soil mineralogy was investigated using X-ray diffraction, and smectite was found to be the dominant mineral present in the clay fraction (88%). The presence of smectite explains the high activity determined for this fill material (A > 1), despite the small clay fraction. 
Soil properties
Compaction behaviour
As the material was to be remoulded and compacted for laboratory tests, it was important to investigate the compaction behaviour of the Bengawan Solo fill material. A maximum dry density of 1 . 47 Mg/m 3 at an optimum moisture content of 28% was determined for the BS light condition (same energy level as standard Proctor test). The man-made sections of embankments were constructed at 80-85% of the optimum standard Proctor dry density during the dry season, with fill material at moisture contents dry of optimum (Soemitro, private communication, 2006) .
The specimens tested in the oedometer and triaxial tests were all prepared at an initial condition of 24% and 1 . 18 Mg/m 3 . This condition (highlighted in Figure 6 ) was selected for investigation, as it is equivalent to 80% of the standard maximum dry density, and it was also the lowest in situ dry density determined. It was felt preferable to study specimens with an initial moisture content dry of optimum, in an attempt to represent the initial asconstructed conditions of the embankment.
Soil water retention behaviour
Soil water retention curves describe the relationship between water content and suction in unsaturated soils. Considering the significant moisture content changes likely to occur in flood embankments (changes in river level, rainfall and evaporation), soil water retention curves provide important information on corresponding changes in soil suction. Figure 7 presents the soil water retention behaviour of the Bengawan Solo fill following drying paths.
The filter paper method was used to determine matric suctions up to 1 MPa, following the detailed procedures given in Bulut et al. (2001) , using Whatman No. 42 filter paper. Filter paper measurements were carried out on single specimens subjected to drying paths with initial moisture contents of 24% and 36% respectively, both compacted at an initial dry density of 1 . 18 Mg/m 3 . For the specimen compacted at a moisture content of 24%, an initial 
reduction in moisture content of less than 1% corresponds to an increase in suction of around 200 kPa, indicating that very small changes in moisture content can result in significant changes in suction. For the Bengawan Solo fill, it appears that drying causes the specimens to follow a scanning curve (pre-yield) before joining a main drying curve (post-yield); such scanning curves are discussed in Nuth and Laloui (2008) . It is interesting to note that the specimen compacted at an initial lower water content exhibited a slightly stiffer pre-yield scanning response.
The chilled mirror dew-point pyschrometer was used to determine total suctions up to 100 MPa using the WP4 potentiameter (Decagon Devices). Successive WP4 measurements were carried out on the same soil specimen following a drying path (initial w ¼ 24%, initial r d ¼ 1 . 18Mg/m 3 ). After continued drying in the laboratory, the specimen reached an almost constant moisture content of 6 . 2%, for which a maximum suction of 96 . 6 MPa was determined. The WP4 data appear to be slightly shifted with respect to the filter paper measurements. Considering that the WP4 measurements correspond to total suction and the filter paper measurements to matric suction, this difference may be assumed to be equal to the osmotic potential of the Bengawan Solo fill material.
The soil water retention curves determined have been used to inform the unsaturated mechanical experimental programme presented in the next section. Furthermore, such information may be required for advanced finite-element modelling involving unsaturated soils, although such modelling is beyond the scope of this paper.
Mechanical behaviour
The mechanical behaviour of the Bengawan Solo fill was investigated under different saturation conditions in order to: (a) investigate the potential for volumetric collapse behaviour; and (b) investigate the influence of suction on shear strength behaviour.
Volumetric collapse behaviour
A load and soak test was carried out using conventional oedometer apparatus in order to investigate the potential for volumetric collapse in the Bengawan Solo fill material. Specimens were prepared at the same initial conditions of w ¼ 24%, r d ¼ 1 . 18 Mg/m 3 , from air-dried material passing the 2 mm sieve. Specimens were compacted in retaining rings (60 mm in diameter, 18 mm high) in three layers.
The saturated test was carried out by soaking the specimen under a contact load of 3 kPa. A small amount of swelling was recorded: see Figure 8 (swelling potential ¼ 1 . 8%). No water was added to the constant water content test, and only pore air drainage was permitted through the top cap of the specimen. In the load and soak test, the specimen was initially loaded under constant water content conditions; water was then added at a vertical stress of 125 kPa. It is evident from Figure 8 that soaking resulted in significant settlement, corresponding to a collapse potential as defined by Jennings and Knight (1957) of 11 . 6%. Fookes (1990) suggested that collapse potentials between 10% and 20% were likely to be of significance in engineering problems, and rated these as 'severe trouble' problems.
It is important to note here that the engineering works implemented along the Bengawan Solo embankments to protect against erosion (i.e. the gabions illustrated in Figures 2 and 3) provide an additional loading to the fill material. It is proposed here that the collapsible nature of the Bengawan Solo fill material under low density, and dry of optimum compaction conditions, may play a role in triggering failure mechanisms in the embankments, particularly considering that additional loading has been introduced in the form of flood embankment protection. Further experimental investigation and numerical analysis are ongoing at the University of Strathclyde to assess whether the volumetric collapse mechanism played a role in triggering the global failure of the gabion reinforced embankment observed in Figure 3 .
Shear strength behaviour
Of particular interest in this research was the variation in shear strength of the Bengawan Solo fill material with changes in suction. This was investigated by testing specimens at four different levels of suction: where s ¼ u a À u w , u a ¼ pore air pressure, and u w ¼ pore water pressure. Traditional triaxial apparatus was adapted for the study of unsaturated soils by incorporating the axis-translation technique (Hilf, 1956 ). This was achieved by the installation of a high-air-entry ceramic disc in the base pedestal. Pore air pressure was introduced to the specimen by way of the top cap. The traditional acrylic cell body was replaced by a stainless steel cell body. Two GDS Instruments pressure-volume controllers were used in the triaxial set-up: one to control the cell pressure, and the other to control the pore water pressure applied underneath the ceramic disc. A 5 kN load cell, 25 mm linear variable differential transformer (LVDT) and 1700 kPa pore water pressure transducer (for the saturated tests) were all connected to a PC using a GDS data acquisition pad. Further information on the experimental set-up used is presented in El Mountassir (2011).
Specimens 38 mm in diameter and 76 mm high were all prepared at similar initial conditions (w ¼ 24%, r d ¼ 1 . 18 Mg/m 3 ): see Table 3 . Specimens were compacted dynamically in a three-part split mould in five layers of equal mass (total mass ¼ 132 . 5 g). For the saturated tests, specimens were wetted by circulating water from the base pedestal under an effective confining stress of 8 kPa, followed by ramping the cell pressure to 210 kPa and the pore water pressure to 200 kPa. After these two saturation stages, B values . 0 . 97 were achieved. In the suction-controlled tests, specimens were brought to the desired suctions (50 kPa and 400 kPa) by controlling the pore air and pore water pressures. To minimise air diffusion through the ceramic stone, the pore water pressure was maintained at an elevated value, as recommended by Delage et al. (2008) ; a minimum of 200 kPa was used in these tests. To study the behaviour of the fill material under much higher suctions, the specimens were air-dried in the laboratory for 5 days, until a constant water content was reached (w % 6%). Referring back to the soil water retention curves presented in Figure 7 , this corresponds to a suction of approximately 100 MPa. The air-dried specimens were investigated in order to obtain the shear strength data for the soil under maximum soil suction. After equalisation at the desired suction, specimens were loaded to net confining stresses of 25 kPa, 100 kPa or 300 kPa, and then allowed to consolidate prior to shearing. These confining stresses were selected to represent the confining stresses found close to the crest of the embankment, at the base of the embankment, and within the founding layers respectively. Shearing was carried out at a rate of 0 . 005 mm/min. During shearing, pore water drainage was allowed in the saturated tests. Pore air and pore water drainage was permitted in the suction-controlled tests. Only pore air drainage was permitted in the constant water content tests performed on the air-dried specimens. Figure 9 presents the stress-strain behaviour for each suction level, in terms of deviator stress q and axial strain (%), where q is equal to (ó 1 À ó 3 ), where ó 1 and ó 3 are the major and minor principal stresses. The initial and final conditions of void ratio, moisture content, dry density and degree of saturation of the triaxial specimens are presented in Table 3 . Unfortunately, it is not possible to present here the evolution of the volume change during shearing, owing to a problem with the data acquisition of the volume measurements. The initial and final volumes of the SAT, saturated; SC, suction controlled; CW, constant water content. * Not possible to determine, as specimens largely crumbled during shearing Table 3 . Triaxial testing programme, testing conditions, initial and final specimen conditions
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Geotechnical Engineering Behaviour of compacted silt used to construct flood embankment El Mountassir, Sá nchez, Romero and Soemitro specimens were, however, determined before and after triaxial testing, and so the overall volume change that occurred was determined. This overall volume change for each specimen is presented alongside the initial and final conditions of the triaxial specimens in Table 3 .
It is evident in Figure 9 that the air-dried specimens (s % 100 MPa) exhibit a shearing behaviour markedly different from that of the other specimens, reaching a peak deviator stress at axial strains of 0 . 7-1 . 1%, followed by rapid softening behaviour. Distinct failure planes were evident in the two air-dried specimens at confining stresses of 25 kPa and 100 kPa. Failure planes and barrelling were observed in the air-dried specimen at 300 kPa confining stress at the end of the test. Aside from the airdried specimens, and with the exception of the specimen tested at a net confining stress of 25 kPa and suction of 400 kPa, all the other specimens exhibited strain-hardening behaviour, with many appearing not to reach their peak deviator stress even at axial Geotechnical Engineering Behaviour of compacted silt used to construct flood embankment El Mountassir, Sá nchez, Romero and Soemitro strains between 20% and 25%. Evidence of barrelling was observed in all these specimens; consequently, changes in the cross-sectional area due to barrelling during shearing were taken into account when calculating the deviator stress. Figure 10 compares the stress-strain behaviour (q against axial strain) for specimens tested under different suction levels at the same net confining stress. It is evident that, as suction increases, the peak or residual deviator stress reached increases. The peak shear stress reached, and the stress path followed during the triaxial tests, are presented in Figure 11 in q-p space, where p is the mean net stress, equal to the excess of mean stress ó m over air pressure u a , where ó m is equal to (ó 1 + 2ó 3 )/3 for cylindrical triaxial specimens.
One of the most commonly used shear strength criteria in unsaturated soils is that proposed by Fredlund et al. (1978) ô
where ô is the shear strength of unsaturated soil, c9 is the apparent cohesion, ö9 is the effective angle of friction, ó À u a is the net normal stress and ö b is the shear strength contribution due to matric suction. Initially it was proposed that the increase in shear strength due to an increase in suction was linear (e.g. Fredlund et al., 1978) . However, experiments conducted over larger suction ranges indicated that the relationship was nonlinear, with ö b decreasing with increasing suction towards a constant value (e.g. Escario and Juca, 1989; Escario and Saez, 1986) .
In order to investigate the influence of suction on the shear strength behaviour of the Bengawan Solo fill, the parameters ö9 (effective angle of friction) and c9 (apparent cohesion) were determined from Mohr's circles, and are plotted in Figure 12 against a log scale of suction plus atmospheric pressure. The effective stress parameters were interpreted by taking the failure envelope corresponding to the best fit to the three Mohr's circles drawn for each suction level. In Figure 12a it appears that ö9 increases with increasing suction. However, the shear strength criterion in Equation 1 assumes that ö9 does not vary with suction. Similar evidence for ö9 increasing with suction has reported by several authors (e.g. Futai and Almeida, 2005; Toll, 2000) . Delage and Graham (1996) collated various experimental datasets and found evidence of angles of friction both increasing and decreasing with increasing suction. For each of these datasets, cohesion increased with increasing suction. Figure 12b presents the variation in apparent cohesion with suction for the Bengawan Solo fill; cohesion appears to be less influenced by suction, at least within the lower suction range (0-400 kPa). The high apparent cohesion determined for the air-dried specimens (260 kPa) may be explained by the highly aggregated specimen created by air-drying. It is noted, however, that the trends presented in Figures 12a and 12b are heavily influenced by the effective shear strength parameters selected for the air-dried specimens. For this reason, it is recommended that further testing be carried out at intermediate suction levels, between 400 kPa and 100 MPa. Further tests should also be carried out at additional stress levels to compensate for variation within the data at each suction level.
Discussion
A routine slope stability analysis was carried out using the limit equilibrium method using Slope/w (Geoslope International Ltd) in order to investigate whether the variation in shear strength with suction may influence embankment stability. The factor of safety was computed using the Morgenstern-Price method (Morgenstern and Price, 1965 ) and a half-sine inter-slice function. Two scenarios were investigated, representing: (a) the condition of the embankment immediately after construction, in which the embankment fill is unsaturated and the river level is low, as construction was carried out during the dry season; and (b) the condition of the embankment typical of the wet season, when most of the embankment body has become saturated and the river level is high. In scenario (a) the river level was assumed to be 1 m high; in scenario (b) the river level was set to be 7 m high (Figure 2 ). Of course, there are many other potential scenarios that could be investigated, but here the aim was to investigate the embankment stability under these two extreme conditions. For the saturated fill material (below the water table), the saturated parameters determined in the triaxial tests were used: ö9 ¼ 24 . 98 and c9 ¼ 30 kPa. The unsaturated material (above the water table) was assumed to be at a moisture content of approximately 22-23% at a suction of 400 kPa, corresponding to dry of optimum compaction conditions. Values of ö9 ¼ 31 . 48 and c9 ¼ 50 kPa determined at this suction level in the triaxial tests were used.
Considering that evaporation considerably exceeds precipitation in the Bojonegoro area during the dry season (Takeuchi et al., 1995) , it is not unreasonable to assume that such moisture contents may be typical of the fill material during the dry season.
The borehole data presented in Figure 5a were used in the selection of the geotechnical properties for the founding layers, assuming C u ¼ 5N, after Stroud and Butler (1975) . The founding layers were assumed to be fully saturated at all times, and were considered to be undrained. Although this may not strictly be the case, these assumptions were considered suitable to investigate the influence of suction on the embankment stability. Additionally, the influence of loading due to the gabions present along this section of embankment was also introduced into the stability 1 000 000 10 000 100 1 000 000 10 000 100 1 s p : kPa Considering only the increase in water level between the dry (scenario (a)) and wet season (scenario (b)), and thus changes in the bulk unit weight and shear strength of the fill material due to saturation, the factor of safety determined was higher in the wet season (2 . 19) than in the dry season (1 . 52). The higher factor of safety determined for the wet season scenario may be explained by considering that the higher river level applies a greater hydrostatic pressure, which acts to stabilise the embankment. This simple analysis indicates that the variation of the shear strength of the fill material due to changes in suction is not the mechanism responsible for the global failure of the embankment illustrated in Figure 3 . It should be noted that cracks due to desiccation were not included in the dry season stability analysis, and may contribute to a lower factor of safety during the dry season. Furthermore, in the wet season the high river level contributed to stabilisation of the embankment against outward slip failures; however, the stability of the landward side would be reduced owing to saturation of the fill. The stability of the landward side was not investigated here, as typically along this stretch of river the crest of the embankment is only several metres above the natural ground level on the landward side (at the gabion-reinforced section of embankment this height is approximately 3 m), and landward slip failures were not observed during the site investigation.
A simple undrained analysis was carried out to investigate the effect of rapid drawdown on the embankment stability, and a low factor of safety of 1 . 12 was obtained. However, the failure of the gabion-reinforced embankment in Figure 3 was not linked with any closure of the Babat barrage upstream. The value does, however, indicate that embankments constructed with the Bengawan Solo fill material may be susceptible to instability due to rapid drawdown, as has been observed along the embankments (Soemitro, private communication, 2006) . Durations of prolonged and heavy rainfall in the Bengawan Solo Basin can give rise to peak discharges of around 2500 m 3 /s (Hidayat et al., 2008; Takeuchi et al., 1995) . Such peak discharges may be maintained for several days, and also fall rapidly in a matter of days; correspondingly, river levels may also vary significantly in short time periods (Takeuchi et al., 1995) . If we consider that volumetric collapse compression may have occurred during saturation, then, as the river level reduces after storm events, even poorer drainage conditions may exist in the fill body, potentially triggering rapid drawdown failures. Further detailed information on the slope stability analyses presented herein can be found in El Mountassir (2011).
It is likely, then, that the global failure of the gabion-reinforced embankment was due to a combination of different factors, including seepage, overtopping, erosion and the volumetric collapse of poorly compacted layers. However, investigation of the influence of such factors would require coupled seepage analyses and unsaturated finite-element modelling of the embankments, which are outside the scope of this paper. It is suggested here that compacting the fill material to a higher dry density (e.g. 90-95% Proctor density) could potentially reduce the susceptibility of the Bengawan Solo fill to volumetric collapse behaviour, and minimise the erodibility of this material.
Conclusions
This paper has presented a comprehensive characterisation of the Bengawan Solo fill material, including its compaction and soil water retention behaviour. A conventional load and soak oedometer test identified that this material may undergo significant volumetric collapse when wetted under constant load. The shear strength of this fill material was investigated under four different suction levels and three different net confining stresses. Suction appeared to influence the effective angle of friction more strongly than cohesion. A routine slope stability analysis indicated that the reduction in shear strength due to saturation did not negatively influence the stability of the Bengawan Solo embankment. It is likely that a combination of other mechanisms has been responsible for the global failure of the gabion-reinforced embankment presented in Figure 3 . The low dry densities found during the site investigation, and the additional loading due to the remediation works, appear to provide conditions favouring volumetric collapse. The collapsible behaviour and susceptibility to erosion of this fill material should be investigated in further detail, in order to determine whether such mechanisms may play a relevant role in triggering such a failure, and to investigate the dependence of these processes on the dry density achieved during compaction.
In summary, this paper has illustrated that saturation may contribute to volumetric collapse compression and the loss of strength of fill materials, particularly in the case of poorly compacted fills, as at the Bengawan Solo site. Furthermore, it is apparent that these deterioration processes, alongside the mechanism of rapid drawdown, may be responsible for triggering failures in flood defences.
